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INTROOUCTI ON 

Carbon monoxide and hydrogen can be conver ted  t o  e t h y l e n e  g l y c o l  by a 
v a r i e t y  o f  d i r e c t  and i n d i r e c t  rou tes .  
ceeding t h r o u g h  t h e  a c i d - c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde, u s i n g  a novel  
s t r o n g  a c i d  c a t a l y s t ,  N a f i o n  s o l i d  p e r f l u o r o s u l f o n i c  a c i d  res in .  The g l y c o l i c  
a c i d  product  o f  t h i s  c a r b o n y l a t i o n  may be e s t e r i f i e d  and then  hydrogenated t o  
y i e l d  e t h y l e n e  g l y c o l .  ene g l y c o l  

t hen  hyd ro l yzed  t o  y i e l d  e t h y l e n e  g l y c o l .  

T h i s  work e x p l o r e s  an i n d i r e c t  r o u t e  pro-  

E t h y l e n e  i s  p r e s e n t l y  t h e  feeds tock  f o r  e 
p roduc t i on ;  t h e  e t h y l e n e  i s  p a r t i a l l y  o x i d i z e d  t o  e t h y l e n e  ox ide,  tM wh ich  i s  

I n  t h i s  work, t h e  f o l l o w i n g  sequence o f  r e a c t i o n s  i s  env is ioned.  

CO + 2H2 + CH30H 

CH30H + 1/2 02 + CH20 + H20 

CH20 + CO + H20 + HOCH2C02H 

HOCHzCOzH + ROH + HOCHzC02R + H20 

HOCHzC02R + 2H2 + HOCH2CH20H + ROH 

Equat ions 3, 4, and 5 may be combined t o  y i e l d  e q u a t i o n  6, 

CH20 + CO + 2H2 + HOCHzCH20H 

and t h e  sum o f  equa t ions  1 - 5 i s  e q u a t i o n  7. 

2CO + 4H2 + 1/2 02 + HOCHzCH20H + H20 7) 

I n  t h i s  f f i yence ,  equa t ions  1 
methanol and for rna ldehyde(8c j  p r o d u c t i o n ,  r e s p e c t i v e l y .  Both a re  h i g h  volume 
chemicals  whose p r o d u c t i o n  techno logy  i s  we l l -deve loped .  The remain ing t r a n s f o r -  
m a t i o n  des i red ,  s t a r t i n g  w i th  formaldehyde, i s  shown as equa t ion  6. 
accomplished th rough  t h e  c a r b o n y l a t i o n  o f  formaldehyde t o  y i e l d  g l y c o l i c  ac id ,  as 
shown i n  equa t ion  3 ,  f o l l o w e d  by t h e  e s t e r i f i c a t i o n  o f  t h i s  ac id ,  equa t ion  4 ,  and 
t h e  hyd rogeno lys i s  o f  t h e  e s t e r  t o  e t h y l e n e  g l y c o l ,  equa t ion  5. 

n 2 a r e  t h e  conven t iona l  processes f o r  

Th is  i s  
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The ove ra l  
i n s t r u c t i v e  s i n c e  i t  
t h e  d i r e c t  s y n t h e s i s  

r e a c t i o n  f rom carbon monoxide and hydrogen, equa t ion  7 ,  i s  
r e v e a l s  t h a t  t h i s  process e s s e n t i a l l y  couples two r e a c t i o n s ,  
o f  e t h y l e n e  g l y c o l  f rom CO/H2, e q u a t i o n  8, 

and t h e  b u r n i n g  o f  hydrogen, equa t ion  9. 

H2 + 1 /2  02 -+ H20 9) 

While convers ion  t o  e t h y l e n e  g l y c o l  i s  s e v e r e l y  l i m i t e d  by t h e  u n f a v o r a b l e  thermo- 
dynamics o f  t h e  d i r e c t  syn thes i s ,  equa t ion  8, t h e  c o u p l i n g  o f  t h i s  r e a c t i o n  w i t h  
t h e  h i g h l y  exothermic equa t ion  9 r e s u l t s  i n  a sequence i n  which t h e  h igh-energy 
i n t e r m e d i a t e  formaldehyde may be q u a n t i t a t i v e l y  conver ted  t o  e t h y l e n e  g l y c o l  w i th  
no thermodynamic c o n s t r a i n t s .  

It i s  w e l l  known t h a t  s t r o n g  a c i d s  c a t a l y z e  t h e  c a r b o n y l a t i o n  o f  f o r m a l -  
dehyde t o  y i e l d  g l y c o l i c  ac id .  S o l i d  a c i d  c a t a l y s t s  f o r  t h i s  r e a c t i o n  have been 
e x p l o r e d  t o  some e x t e n t ,  b u t  t h e r e  i s  o n l y  a s i n g l e  example in t h e  p a t e n t  l i t e r a -  
t u r e  o f  c a t a l y s i s  by Nafiong. I n  t h i s  case, t h e  c a r b o n y l a t i o n  o ormaldehyde was 
c a r r i e d  o u t  i n  a c e t i c  a c i d  s o l v e n t  t o  y i e l d  a c e t y l g l y c o l i c  ac id . f2 f  The p resen t  
work s i g n i f i c a n t l y  extends t h e  r e a c t i o n  c h e m i s t r y  a c c e s s i b l e  w i th  t h i s  novel  a c i d  
c a t a l y s t .  

RESULTS AND DISCUSSION 

"Nafion-H" Resin.a There a r e  seve ra l  p r o p e r t i e s  o f  DuPont's "Nafion-H" 
p e r f l u o r o s u l f o n i c  a c i d  r e s i n  which make i t  an i d e a l  cand ida te  f o r  t h e  s t r o n g  a c i d -  
c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde. F i r s t ,  i t i s  a superac id;  i.e., s t r o n g e r  
i n  i n t r i n s i c  a c i d i t y  t han  100% s u l f u r i c  ac id .  The r e s i n  i s  a copolymer o f  t e t r a -  
f l u o r e t h y l e n e  and p e r f l u o r o - 3 ,  6-d ioxa-4-methy l -7-octensul fon ic  ac id ,  r e s u l t i n g  i n  
a s t r u c t u r e :  

-(CFz-CF2), - CF2 - CF - 
I 
0 
I 
y 2  

y 2  

y 2  

CF - CF3 

0 
I 
I 

S03H 

a''Nafion-H" i s  a collvenien: n o t a t i o n  t o  i n d i c a t e  t h e  a c i d  form o f  t h i s  i o n  
exchange r e s i n .  N a f i o n  i s  a r e g i s t e r e d  t rademark o f  DuPont. 
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By analogy,  one m igh t  expect  t h e  r e s i n  t o  be n e a r l y  as a c i d i c  as t r i f l u o r o m e t h a n e  
s u l f o n i c  a c i d ,  CF SO H. 
A l C l  .HC1. DuPont s t a t e s  t h a t  t h e r e  
shouyd be no problem w i th  d e t e r i o r a t i o n  below 175', and t h e i r  s a f e t y  da ta  show 
s i g n i f i c a n t  decomposi t ion o n l y  abov e3f7O0. 
s t a b l e  and use fu l  t o  a t  l e a s t  220". T h i r d ,  t h e  r e s i n  i s  s w e l l e d  by p o l a r  
o r g a n i c  s o l v e n t s ,  a l l o w i n g  r e a c t a n t s  t o  d i f f u s e  i n t o  t h e  r e s i n  granules.  Th is  
makes t h e  i n t e r i o r  a c i d  s i t e s  a v a i l a b l e ,  as w e l l  as t h e  a c i d  s i t e s  on t h e  c a t a l y s t  
sur face.  
i o n  exchange w i t h  e.g., Fe3+. 
by t h e  same techn ique  used t o  p repare  t h e  a c i d  fo rm o f  t h e  r e s i n .  
be p repared  i n  a range o f  e q u i v a l e n t  we igh ts  from 1000 t o  1800 t o  f i t  s p e c i f i c  
needs, and o f f e r s  a l l  t h e  c l a s s i c  advantages o f  a s o l i d  c a t a l y s t  i n  t h e  ease o f  
s e p a r a t i o n  o f  products .  

The c h o i c e  o f  a s o l v e n t  t o  use w i t h  Naf ion-H i s  n o n t r i v i a l .  
p o l a r  o r g a n i c  s o l v e n t s  a r e  d e s i r e d  because t h e y  s w e l l  t h e  r e s i n .  
u s e f u l  b u t  i s  n o t  i n e r t  i n  t h e  r e a c t i o n s  s t u d i e d  here. Water and a l c o h o l s  are 
found t o  decrease t h e  a c t i v i t y  o f  t h e  c a t a l y s t  when p resen t  i n  excess. E the rs  
such as glyme or d ig l yme were found n o t  t o  be i n e r t  under r e a c t i o n  cond 
w h i l e  THF i s  known t o  be po lymer i zed  ove r  Naf ion-H a t  room temperature.  
ever ,  p-d ioxane was found t o  y i e l d  no GC-observable decomposi t ion p roduc ts  when 
heated a t  150' f o r  3 hours ove r  t h e  Naf ion-H r e s i n ,  and was used i n  most o f  t h e  
exper iments r e p o r t e d  here. 

d ioxane s o l v e n t ,  g l y c o l i c  a c i d  i s  presumably t h e  p roduc t  o f  formaldehyde carbonyl -  
a t i o n ,  as i n  e q u a t i o n  3. The most e x t e n s i v e  s e r i e s  o f  exper iments was done us ing  
these  r e a c t a n t s .  The s e r i e s  o f  exper imen ts  shown i n  Tab le  I i l l u s t r a t e s  seve ra l  
aspects  o f  t h i s  r e a c t i o n .  F i r s t ,  t h e  r e a c t i o n  occurs r e a d i l y  under t h e s e  condi -  
t i o n s ,  g i v i n g  r o u t i n e  y i e l d s  o f  ca. 70% a t  150". The f i r s t  two exper iments may be 
compared t o  see t h a t  t h e  r e a c t i o n  remains i n c o m p l e t e  even a f t e r  3 hours a t  130°, 
i n d i c a t i n g  a s u b s t a n t i a l  t empera tu re  e f f e c t  i n  t h i s  range. 
p r i m a r i l y  t o  t e s t  t h e  d u r a b i l i t y  o f  t h e  Naf ion-H c a t a l y s t  d u r i n g  these  f i v e  reac-  
t i o n s .  The same Naf ion-H c a t a l y s t  was used i n  each o f  these r e a c t i o n s ,  and was 
o n l y  r i n s e d  w i t h  d ioxane and sucked d r y  on a f i l t e r  between reac t i ons .  The y i e l d  
o f  g l y c o l i c  a c i d  does i ndeed  s t a y  c o n s t a n t  a t  150", w i t h  o n l y  a s l i g h t  unexpla ined 
d i p  i n  t h e  f o u r t h  r e a c t i o n ,  i n d i c a t i n g  t h a t  t h e  Naf ion-H d i d  m a i n t a i n  i t s  
c a t a l y t i c  a c t i v i t y  t h rough  a l l  t h e  r e a c t i o n s .  A d i f f e r e n t  measure o f  t h i s  
c a t a l y t i c  a c t i v i t y  i s  t h e  e q u i v a l e n t  we igh t  o f  t h e  r e s i n  b e f o r e  and a f t e r  t h e  
se r ies .  The i n i t i a l  e q u i v a l e n t  w e i g h t  was 1282 g/ e q u i v a l e n t ,  and a f t e r w a r d s  was 
1315 g /equ iva len t ,  a decrease i n  a v a i l a b l e  a c i d i t y  o f  l e s s  than t h r e e  percent .  
T h i s  cou ld  conce ivab ly  be accounted f o r  by washout o f  monomer d u r i n g  t h e  f i r s t  
r e a c t i o n .  

DuPont c l a i m s  t h a t  i t s  a c i d i t y  is o f  t h e  same o rde r  as 
Secona, ?he r e s i n  i s  t h e r m a l l y  v e r y  s tab le .  

Others have found t h e  m a t e r i a l  t o  be 

Fur thermore,  t h e  r e s i n  i s  c h e m i c a l l y  i n e r t ,  be ing  d e a c t i v a t e d  o n l y  by 
Such d e a c t i v a t e d  c a t a l y s t s  a r e  r e a d i l y  regenerated 

The r e s i n  can 

As s ta ted ,  
A c e t i c  a c i d  i s  

C a r b o n y l a t i o n  i n  t h e  Presence o f  Water. W i t h  water  p resen t  i n  t h e  

The s e r i e s  was r u n  

A number o f  r e a c t i o n s  were r u n  i n  o r d e r  t o  determine t h e  e f f e c t  o f  
carbon monoxide p ressu re  on t h e  y i e l d  o f  g l y c o l i c  a c i d  i n  t h i s  system. 
r e s u l t s  a r e  shown i n  Table 11. W i t h  t h e  o t h e r  r e a c t i o n  c o n d i t i o n s  cons tan t ,  t h e  
y i e l d  d i d  i n c r e a s e  from 50% t o  80% upon i n c r e a s i n g  t h e  p ressu re  from 1500 p s i  t o  
4500 psi .  
h i g h e r  y i e l d s ,  t h e  da ta  shou ld  n o t  be i n t e r p r e t e d  as showing t h a t  h i g h  p ressu res  
a r e  r e q u i r e d  f o r  h i g h  y i e l d s .  The equipment used here was a r o c k i n g  au toc lave ,  
and more e f f i c i e n t  s t i r r i n g  may w e l l  enhance t h e  e f f i c i e n c y  o f  t h e  r e a c t i o n .  

One r e a c t i o n  was done w i t h  a m i x t u r e  o f  hydrogen and carbon monoxide t o  
v e r i f y  t h a t  t h e  presence of  hydrogen would have no e f f e c t  on t h e  yie!d. T h i s  run 
i s  a l s o  shown i n  Table 11. The y i e l d ,  73%, i s  s l i g h t l y  h ighe r  than  i n  comparable 
runs w i t h o u t  hydrogen, b u t  no s i g n i f i c a n c e  i s  a t tached  t o  t h l s .  

The 

Whi le  t h i s  does i n d i c a t e  t h a t  i n c r e a s i n g  t h e  p ressu re  o f  CO r e s u l t s  i n  

I n  t h e  presence 
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O f  t h i s  Nafion-H a c i d  c a t a l y s t  t h e  hydrogen i s  expected t o  a c t  o n l y  as a d i l u e n t ,  
r e q u i r i n g  p r o p o r t i o n a t e l y  h i g h e r  t o t a l  p ressu res  t o  ach ieve  t h e  same carbon 
monoxide p a r t i a l  p ressu re  as i n  t h e  absence o f  t h e  hydrogen. 

system was a l s o  explored.  These data a r e  shown i n  Table 111-1. The amount Of 
formaldehyde i n  these runs was reduced so t h a t  t h e  i n i t i a l  mole r a t i o  of Water t o  
Na f ion -H  cou ld  be v a r i e d  and h e l d  app rox ima te l y  c o n s t a n t  d u r i n g  a run, w i t h o u t  
b e i n g  a f f e c t e d  by t h e  r e a c t i o n .  
expected t o  change t h e  e f f e c t i v e  a c i d i t y  of t h e  Nafion-H, which would i n  t u r n  
a f f e c t  t h e  y i e l d  i n  a q i v e n  t ime.  The r e a c t i o n  M i t h  t h e  most wa te r  p resen t ,  a 
2 0 : l  r a t i o  o f  H20 t o  H , d i d  n o t  r e s u l t  i n  complete convers ion  o f  t h e  formalde-  
hyde. Decreasing t h e  r a t i o  r e s u l t s  i n  an optimum y i e l d  a t  a 5 : l  r a t i o  of wa te r  t o  
ac id .  Decreasing t h e  r a t i o  s t i l l  f u r t h e r  t o  2 : l  and even 1:l s u r p r i s i n g l y  r e s u l t s  
i n  a cons tan t  y i e l d  o f  about  50% g l y c o l i c  a c i d  (ana lyzed  as methy l  g l y c o l a t e  a f t e r  
conve rs ion  t o  t h e  e s t e r ) .  Such y i e l d s  i n  t h e  presence o f  o n l y  h a l f  as much wa te r  
as formaldehyde r a i s e  t h e  q u e s t i o n  o f  whether  g l y c o l i c  a c i d  i s  t r u l y  t h e  r e a c t i o n  
p roduc t ,  o r  whether dehydrated forms o f  g l y c o l i c  a c i d  such as t h e  c y c l i c  d imer  
g l y c o l i d e ,  F i g u r e  l a ,  o r  o l i gomers ,  F igu re  l b ,  m i g h t  n o t  be t h e  a c t u a l  products .  

The e f f e c t  o f  water  on t h e  y i e l d  of g l y c o l i c  a c i d  i n  t h i s  r e a c t i o n  

Th is  mo la r  r a t i o  o f  wa te r  t o  Naf ion-H was 

0 

FIGURE l a .  Format ion o f  G l y c o l i d e  

i 
H0 0 

n H O C H 2 q  e H(-OCH2C + OH + (n-1)  H20 
OH n 

FIGURE l b .  Formation o f  G l y c o l i c  Ac id  Oligomers 

, An i n d i c a t i o n  t h a t  t hese  dehydrated forms of g l y c o l i c  a c i d  a r e  t h e  a c t u a l  p roduc ts  
under  these  r e a c t i o n  c o n d i t i o n s  was gained from a s e m i - q u a n t i t a t i v e  GC a n a l y s i s  of 
t hese  r e a c t i o n  s o l u t i o n s  f o r  water. T h i s  a n a l y s i s  showed t h a t  a l l  t h e  water  i n i -  
t i a l l y  added t o  t h e  r e a c t i o n  s o l u t i o n  was s t i l l  p resen t  i n  s o l u t i o n  a t  t h e  end of 
t h e  r e a c t i o n ,  and consequen t l y  c o u l d  n o t  be combined as g l y c o l i c  ac id .  A r e a c t i o n  
w i t h  no water  added was i n c l u d e d  i n  an e a r l i e r  s e r i e s ,  shown i n  Table 111-2. 
These t h r e e  r e a c t i o n s  a l s o  i n d i c a t e  t h a t  t h e r e  i s  an optimum wa te r  t o  a c i d  r a t i o ,  
but a y i e l d  o f  even 25% w i t h  no water  added i s  somewhat su rp r i sdng .  
da ta  demonstrate t h a t  t o o  nuch water  i n  t h e  r e a c t i o n  s o l u t i o n  reduces formaldehyde 

A l l  t hese  
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conversion and concomitantly g lyco l i c  acid y i e l d ,  b u t  t he  r e s u l t s  a t  the lower 
l eve l s  of water a r e  l e s s  d e f i n i t i v e .  

The preceding data show t h a t  i n  t hese  reac t ions  the conversion of 
formaldehyde i s  complete, or near ly  so,  while t h e  y i e l d  of g lycol ic  acid i s  always 
subs t an t i a l ly  l e s s  than quan t i t a t ive .  
reaction. 
on the suspected by-products and t h e i r  mode of formation can be made. 

dehyde with i t s e l f ,  ins tead  of t h e  des i red  acid-catalyzed reaction w i t h  carbon 
monoxide. On s ch reac t ion  i s  t h e  formation of methyl formate from 
formaldehyde,PsaY equation 10, 

There a r e  obviously by-products i n  t h i s  
This subjec t  has not been ex tens ive ly  inves t iga ted ,  but some comments 

The most l i k e l y  s i d e  reac t ion  i s  the  acid-catalyzed reaction of formal- 

2 CH20 + HCO2CH3 10) 

but no evidence has been found t o  support t h i s .  
catalyzed condensation of formaldehyde t o  polyhydroxy aldehydes, equation 11. 

Another p o s s i b i l i t y  i s  the  acid- 

( n  t 1)  CH20 + H-[CH(OH)],-CHO 

This reaction would be s imi l a r  in stoichiometry t o  the  formose reac t ion , (5)  the 
base catalyzed condensation of formaldehyde t o  sugars and a mixture of polyhydroxy 
aldehydes. The so lu t ions  a f t e r  reac t ion  were varying shades of brown, and the 
Nafion-H sometimes turned a dark brown or  even black, e spec ia l ly  when the  reaction 
contained l i t t l e  water or was exposed t o  h i g h  temperatures. 
of the acid-catalyzed carboniza t ion  of sugars ,  equation 12. 

T h i s  i s  reminiscent 

I f  these  ideas about t h e  na ture  of the byproducts a r e  co r rec t ,  then one 
approach t o  suppress t h e  condensation of t he  formaldehyde would be t o  chemically 
separa te  the  formaldehyde monomers with a so lvent  or a n  added component. 
Nafion-H, a s  a strong ac id ,  rap id ly  ca ta lyzes  polymerization of formaldehyde t o  
polyoxymethylene (paraformaldehyde), a a t a lyzes  the  corresponding depolymeri- 
za t ion  a t  higher temperatures a s  well. 
i n t e rac t ion  i s  needed t o  sepa ra t e  t h e  formaldehyde monomers while permitt ing the 
carbonylation t o  proceed. 

a c i d ,  equation 14), t o  form t h e  unstable methylene glycol e s t e r ; (6c )  and 
analogously with g lyco l i c  ac id ,  equation 15. 

The 

Therefore,  a r eve r s ib l e  chemical 

Examples of such in t e rac t ions  t o  f o r  s t ab le  adducts 
are reaction with water,  equation 13, t o  form methylene g lycol ;  IP6U with ace t i c  



Other  i n v e s t i g a t o r s  have d i s c l o s e d  t h e  use o f  a c e t i c  a c i d  as 
a c e t y l g l y c o l i c  ac id ,  e q u a t i o n  16, us ing  a Naf ion-H c a t a l y s t . ( ' )  I n  t h e  s u l f u r i c  

s o l v e n t  t o  y i e l d  

CH3C02H + CH20 + CO + CH3C02CH2C02H16) 

a c i d  ca ta l yzed  r e  t r l j i o n ,  g l y c o l i c  a c i d  has been d i s c l o s e d  as a u s e f u l  s o l v e n t  f o r  
enhancing y i e l d s .  However, data ob ta ined  i n  t h i s  s tudy and shown i n  
Tables I V - 1  and I V - 2  i n d i c a t e  t h a t  an equimolar  amount o f  a c e t i c  a c i d  has no 
e f f e c t  i n  t h i s  r e a c t i o n .  I n  t h e  absence o f  wa te r  t h e  a c e t i c  a c i d  a c t u a l l y  de- 
creases t h e  y i e l d .  
t h e  y i e l d  o f  g l y c o l i c  a c i d  f rom formaldehyde. The reason f o r  t h i s  decrease i n  
y i e l d  i s  n o t  r e a d i l y  apparent. 

has a number o f  aspects  which make it an a t t r a c t i v e  i n t e r m e d i a t e  r e a c t i o n  i n  a 
process f o r  e t h y l e n e  g l y c o l  p repara t i on .  
as f o l l o w s :  

G l y c o l i c  a c i d ,  whether added wet o r  dehydrated,  a l s o  decreases 

T h i s  Naf ion-H c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde i n  d ioxane/water  

A summary o f  t h e s e  f a v o r a b l e  aspects  i s  

1. The Naf ion-H s o l i d  a c i d  c a t a l y s t  i s  e a s i l y  separa ted  from t h e  reac- 
t i o n  p roduc ts ,  a c l a s s i c  advantage o f  heterogeneous c a t a l y s t s .  

2. As demonstrated by o the rs ,  s o l i d  a c i d  s i n s  s i m i l a r  t o  Naf ion-H 
appear t o  be v i  r t u a l  l y  non-corros ive.  ($7 

3. The c a t a l y s t  i s  t h e r m a l l y  s t a b l e ,  has shown no l o s s  o f  a c t i v i t y  w i t h  
use, and i s  e a s i l y  regenerable i f  necessary, e.g., due t o  contamina- 
t i o n  w i t h  o t h e r  ca t i ons .  P o l a r  s o l v e n t s  s w e l l  t h e  c a t a l y s t ,  which 
a l l o w s  u t i l i z a t i o n  o f  i n t e r i o r  a c i d  s i t e s .  

4. The a c i d  c a t a l y s t  r e t a i n s  i t s  a c t i v i t y  i n  t h e  presence o f  substan- 
t i a l  amounts o f  water; t h e r e f o r e ,  d r y  formaldehyde (as t r i o x a n e  o r  
paraformaldehyde)  i s  n o t  requ i red .  

d i l u e n t  f o r  t h e  carbon monoxide. The c a t a l y s t  has no a c t i v i t y  f o r  
t h e  undes i red  r e d u c t i o n  o f  formaldehyde t o  methanol. 
s y n t h e s i s  gas c o u l d  be used w i t h o u t  s e p a r a t i o n  3r t h e  carbon 
monoxide c o u l d  be concen t ra ted  b e f o r e  use, and t h e  separated 
hydrogen subsequent ly  used f o r  h y d r o g e n o l y s i s  o f  t h e  g l y c o l i c  a c i d  
es te r .  

5. The r e a c t i o n  i s  n o t  a f f e c t e d  by hydrogen, which a c t s  o n l y  as a 

Consequently, 

6. The r e a c t i o n  proceeds under reasonable c o n d i t i o n s  o f  temperature and 

7. The g l y c o l i c  a c i d  p roduc t  i s  s t a b l e  t o  f u r t h e r  reac t i on .  

8. The d ioxane s o l v e n t  appears i n e r t  under r e a c t i o n  c o n d i t i o n s .  

Carbony la t i on  i n  E s t e r  Solvents .  

pressure.  

The a c i d - c a t a l y z e d  c a r b o n y l a t i o n  o f  
cussed above, equa t ion  17, w i t h  aS $5 e q u a t i o n  19. 

formaldehyde has been c a r r i e d  ou t  w i t h  wa te r  
a c e t i c  ac id ,  equa t ion  18, and w i t h  methanol,( 

H20 + CHzO + CO + HOCH2C02H 17) 
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C H 3 0 H  + CH20  t CO + HOCH2C02CH3 19) 

The r e a c t i o n  w i t h  a c e t i c  a c i d  as s o l v e n t  i s  r e p o r t e d  t o  be e f f i c i e n t  and s p e c i f i c ,  
b u t  t h e  a c e t y l g l y c o l i c  a c i d  p r o d u c t  must be hyd ro l yzed  and then  e s t e r i f i e d  before 
i t  can be hydrogenated t o  e t h y l e n e  g l y c o l .  The r e a c t i o n  w i t h  methanol as so lvent  
would be i d e a l  i f  i t  y i e l d e d  o n l y  t h e  methy l  e s t e r .  However, s u b s t a n t i a l  y i e l d s  
o f  a l koxy  a c i d s  and t h e i r  e s t e r s  a r e  a l s o  i n v a r i a b l y  produced i n  t h e  presence o f  
a l coho ls .  These may be hydrogenated t o  g l y c o l  e the rs ,  u s e f u l  as so l ven ts ,  bu t  
cannot  serve as i n t e r m e d i a t e s  t o  e t h y l e n e  g l y c o l .  

The r e a c t i o n  u s i n g  an e s t e r  as s o l v e n t ,  e.g. methy l  a c e t a t e  i n  equa- 
t i o n  20, 'appears n o t  t o  have been r e p o r t e d  before.  

CH3C02CH3 + CH20  + CO + C H ~ C O Z C H ~ C O ~ C H ~  

The product  o f  t h e  r e a c t i o n  w i t h  an e s t e r ,  i n  t h i s  case methy l  a c e t y l g l y c o l a t e ,  
can be t r a n s e s t e r i f i e d ,  e.g. w i t h  methanol as i n  e q u a t i o n  21 t o  y i e l d  methyl 
g l y c o l a t e  and regenera te  m e t h y l  acetate.  

CH3C02CH2C02CH3 + CH30H + CH3COzCH3 + HOCH2C02CH3 

The methyl a c e t a t e  can then  be  separa ted  and t h e  me thy l  g l y c o l a t e  hydrogenated t o  
e t h y l e n e  g l y c o l .  

shown i n  Table V-1. It may be  seen from t h e  f i r s t  r e a c t i o n  t h a t  t h e  y i e l d  o f  
me thy l  a c e t y l g l y c o l a t e ,  i n t e r m e d i a t e  t o  e t h y l e n e  g l y c o l ,  i s  over  60%, b u t  the re  i s  
a l s o  some p r o d u c t i o n  o f  methy l  methoxyacetate,  15% i n  t h i s  case. I n  t h e  a n a l y s i s  
o f  t h e  r e a c t i o n  p r o d u c t s  f rom t h i s  r u n  i t  was no ted  t h a t  some a c e t i c  a c i d  was 
formed, presumably f rom t h e  me thy l  acetate.  The second r e a c t i o n  demonstrates t h a t  
add ing  a smal l  amount o f  a c e t i c  a c i d  a t  t h e  beg inn ing  o f  t h e  r e a c t i o n  does n o t  
a f f e c t  t h e  y i e l d s  o f  t h e  two p roduc ts .  
t h e  r e a c t i o n  has a p ro found  e f f e c t ,  however, as shown i n  t h e  t h i r d  reac t i on .  Th is  
may be because t h e  formaldehyde i s  conver ted  t o  m e t h y l a l ,  (MeO) CH2, by t h e  added 
methanol. A l l  t h e  formaldehyde n o t  accounted f o r  i n  t h e  produces was recovered as 
me thy la l .  A d d i t i o n  o f  wa te r  a t  t h e  beg inn ing  o f  t h e  r e a c t i o n  a l s o  decreases t h e  
y i e l d  o f  methy l  a c e t y l g l y c o l a t e ,  and r e s u l t s  i n  t h e  f o r m a t i o n  o f  some f r e e  ac ids,  
n o t a b l y  me thoxyace t i c  ac id .  

Methy l  f o rma te  was a l s o  t e s t e d  as an e s t e r  s o l v e n t ,  w i th  t y p i c a l  r e s u l t s  
shown as t h e  f i r s t  r e a c t i o n  i n  Tab le  V-2. The main r e a c t i o n  p roduc t  expected here 
i s  methy l  f o r m y l g l y c o l a t e ,  HC02CH2C0 CH3, b u t  methy l  g l y c o l a t e ,  p o s s i b l y  de r i ved  
from the  former p roduc t  by decarbony?at ion,  i s  a l s o  found. 
i s  formed i n  even g r e a t e r  y i e l d  t h a n  w i t h  me thy l  a c e t a t e  as so l ven t .  

no  CO p ressu re  needs t o  be a p p l i e d ,  as t h e  second r e a c t i o n  i n  Tab le  V-2  conf i rms.  
The methyl formate presumably a c t s  a s ' a  source o f  CO, and t h e  o v e r a l l  r e a c t i o n  i n  
equa t ion  22 r e s u l t s .  

Some formaldehyde c a r b o n y l a t i o n s  u s i n g  methy l  a c e t a t e  as s o l v e n t  a re  

A d d i t i o n  o f  methanol a t  t h e  beg inn ing  o f  

Methy l  methoxyacetate 

A un ique aspect  o f  t h e  r e a c t i o n s  u s i n g  methy l  f o rma te  as s o l v e n t  i s  t h a t  
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I 

T h i s  r e a c t i o n  has been i n v e s t i g a t e d  by o t h e r s  u s i n g  , d i f f e r e n t  s t r o n g  acids. 

e s t e r  so l ven ts ,  b u t  no t  w i th  complete s e l e c t i v i t y  t o  i n t e r m e d i a t e s  t o  e t h y l e n e  
g l y c o l .  
e t h y l e n e  g l y c o l  and g l y c o l  e thers.  

focus was on i n t e r m e d i a t e s  t o  e t h y l e n e  g l y c o l ,  a v o i d i n g  t h e  a l koxy  e s t e r s  o r  a c i d s  
wh ich  can be produced as byproducts. 
however, s i n c e  they  can be hydrogenated t o  g l y c o l  e the rs ,  which a r e  a r t i c l e s  o f  
commerce and a re  u s e f u l  as so lvents .  Consequently, some r e a c t i o n s  were run  t o  
determine i f  me thy la l  c o u l d  be c a r b o n y l a t e d  t o  methy l  methoxyacetate e f f i c i e n t l y  
and s e l e c t i v e l y  ove r  Naf ion-H r e s i n ,  as i n  e q u a t i o n  23. 

The. c a r b o n y l a t i o n  of formaldehyde u s i n g  Naf ion-H r e s i n  does proceed i n  

The r e a c t i o n  m igh t  n e v e r t h e l e s s  be i n t e r e s t i n g  as a means o f  coproducing 

Reac t ions  o f  M e t h y l a l .  I n  t h e  p reced ing  work u s i n g  e s t e r  s o l v e n t s  t h e  

These a l koxy  e s t e r s  o r  a c i d s  do have va lue,  

CH30CH20CH3 t CO + CH30CH2C02CH3 23) 

The r e s u l t s  are shown i n  Table V I .  The f i r s t  r e a c t i o n  was c a r r i e d  ou t  i n  d ioxane 
s o l v e n t  and r e s u l t e d  i n  o n l y  modest y i e l d s  of  b o t h  methy l  methoxyacetate and 
methy l  g l y c o l a t e .  Using a mixed methanol /d ioxane (50:50) s o l v e n t  r e s u l t e d  i n  no 
r e a c t i o n  a t  a l l .  When methy l  a c e t a t e  was used as t h e  s o l v e n t  though, a good y i e l d  
o f  b o t h  methy l  methoxyacetate and methy l  a c e t y l  g l y c o l a t e  r e s u l t e d ;  t h e  former 
was n o t  produced s e l e c t i v e l y .  

f u r t h e r  r e a c t i o n  i n  t h i s  c a t a l y s t  system, o r  i f  i t  can be me thy la ted  by t h e  
Naf ion-H t o  form methy l  methoxyacetate. 
t h i s  p o s s i b i l i t y .  Methy l  g l y c o l a t e  was r e a c t e d  i n  a mixed methanol /d ioxane 
s o l v e n t  (10/40 by volume) ove r  t h e  Naf ion-H r e s i n  u s i n g  s tandard  r e a c t i o n  condi- 
t i o n s .  No methy l  methoxyacetate was found i n  t h e  r e a c t i o n  s o l u t i o n ,  and t h e  
methy l  g l y c o l a t e  was recove red  q u a n t i t a t i v e l y .  

me thy l  methoxyacetate,  e s p e c i a l l y  i n  e s t e r  so l ven ts ,  b u t  t h e  r e a c t i o n  i s  n o t  
s e l e c t i v e  and r e s u l t s  i n  s u b s t a n t i a l  amounts o f  i n t e r m e d i a t e s  t o  e thy lene  g l y c o l  
as w e l l .  

Aspects o f  t h e  Mechanism. The a c i d - c a t a l y z e d  r e a c t i o n  o rmaldehyde 
w i th  carbon monoxide belongs t o  t h e  c l a s s  known as Koch r e a c t i o n s .  f l a7  The Koch 
r e a c t i o n  u s u a l l y  r e f e r s  t o  t h e  r e a c t i o n  o f  an o l e f i n  wi th  carbon monoxide, as 
e x e m p l i f i e d  by t h e  r e a c t i o n  o f  i sobu tene  w i t h  CO and water, equa t ion  24, t o  
p roduc t  p i  v a l  i c ac id.  

There c o u l d  be some q u e s t i o n  ove r  whether  methy l  g l y c o l a t e  i s  i n e r t  t o  

One r e a c t i o n  was r u n  i n  o r d e r  t o  t e s t  

These r e s u l t s  i n d i c a t e  t h a t  m e t h y l a l  can be c a r b o n y l a t e d  e f f i c i e n t l y  t o  

CH3, 
C = CH2 + CO + H20& (CH3)3CC02H 

/ 
CH3 

The f i r s t  s tep  i n  a Koch r e a c t i o n  i s  f o rma t ion  o f  a carbonium i o n  from 
t h e  s u b s t r a t e  and t h e  a c i d  c a t a l y s t .  
t o  form a more s t a b l e  a c y l i u m  ion. T h i s  f i n a l l y  r e a c t s  w i t h  water  t o  fo rm t h e  

The carbonium i o n  t h e n  adds carbon monoxide 
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f r e e  ac id ,  o r  w i t h  an a l c o h o l  t o  fo rm an e s t e r .  
i s :  

The r e a c t i o n  w i t h  formaldehyde 

0 
0 = CH2 + Ht a H°CH2 

I 

H20 
HOCH2C//O e- 

0 \ 
OH 

+ H+ 

The ease w i t h  which. t h e  Koch r e a c t i o n  t a k e s  p l a c e  depends on how e a s i l y  t h e  sub- 
s t r a t e  i s  protonated.  P r o t o n a t i o n  o f  formaldehyde r e q u i r e s  a s g ac id ;  some 
d a t a  on t h e  p r o t o n  a f f i n i t y  o f  formaldehyde have been obta ined.  IW 
EXPERIMENTAL 

M a t e r i a l s :  G l y c o l i c  a c i d  was o b t a i n e d  as wet c r y s t a l s  ( A l d r i c h )  o r  70% 
It was ana lyzed  by t i t r a t i o n  w i t h  0.1 M NaOH 
The "Na f ion "  501 p e r f l u o r o s u l f o n i c  a c i a  r e s i n  

aqueous s o m f a l t z  ti Bauer). 
u s i n g  a p h e n o l p h t h a l e i n  i n d i c a t o r .  
was o b t a i n e d  as a sample f rom t h e  P l a s t i c  P roduc ts  D i v i s i o n  o f  DuPont. Th i s  
m a t e r i a l  c0nsist.s o f  g r a n u l e s  n o m i n a l l y  0.2 t o  0.5 mm i n  d iameter ,  and has an 
e q u i v a l e n t  we igh t  o f  about  1200. I t  was r e c e i v e d  as t h e  potass ium s u l f o n a t e  and 
was conver ted  t o  t h e  a c i d  form and analyzed e s s e n t i a l l y  as recommended by 
DuPont. Convers ion t o  t h e  a c i d  fo rm i s  ach ieved  by soaking t h e  r e s i n  about f i v e  
t i m e s  i n  4 M HC1, a l l o w i n g  t ime  f o r  exchange and wi th  s u p e r f i c i a l  washing with 
d i s t i l l e d  wa te r  between HC1 t rea tmen ts .  T h i s  i s  f o l l o w e d  by washing w i t h  
d i s t i l l e d  wa te r  u n t i l  t h e  washings show a n e u t r a l  pH, a f t e r  wh ich  t h e  m a t e r i a l  i s  
d r i e d  i n  a vacuum oven o v e r n i g h t  a t  about 110'. The Naf ion-H was s t o r e d  i n  sealed 
j a r s  or i n  a d e s i c c a t o r  as i t  can absorb a p p r e c i a b l e  amounts o f  water  f rom t h e  
a i r .  A n a l y s i s  o f  t h e  a c i d  fo rm was c a r r i e d  o u t  by soak ing  t h e  r e s i n  i n  water  w i t h  
an excess o f  sodium c h l o r i d e ,  and t i t r a t i n g  t h e  l i b e r a t e d  HC1 w i t h  0.1 M NaOH. 
Dioxane was d r i e d  by r e f l u x i n g  ove r  c a l c i u m  h y d r i d e  f o l l o w e d  by d i s t i l l T t i o n .  A l l  
o t h e r  m a t e r i a l s  were reagen t  grade and used as received.  

React ions:  The r e a c t i o n s  w i th  carbon monoxide were c a r r i e d  o u t  i n  a 
300 cc r o c k i n g  au toc lave  equipped w i t h  a g l a s s  l i n e r ,  wh ich  con ta ined  50 cc o f  
r e a c t i o n  s o l u t i o n  ove r  t h e  Nafion-H. Carbon monoxide was i n t r o d u c e d  b e f o r e  
h e a t i n g .  The s t a r t i n g  t i m e  o f  t h e  r e a c t i o n  was taken  as t h e  t i m e  t h e  au toc lave  
reached temperature ( a f t e r  app rox ima te l y  30 m inu tes )  and t h e  a u t o c l a v e  was a l l owed  
t o  c o o l  and rock  o v e r n i g h t  a f t e r  t h e  hea t  was t u r n e d  o f f  a t  t h e  end o f  t h e  reac-  
t i o n  t ime.  Formaldehyde was added as t r i o x a n e ,  t h e  c y c l i c  t r i m e r ;  89, o r  4 
mequiv  Naf ion-H was used i n  each run, and -50 m l  o f  e - d i o x a n e  was used as so lvent .  

chromatography u s i n g  peak area i n t e g r a t i o n  and a hexadecane i n t e r n a l  s tandard.  
S i n c e  g l y c o l i c  a c i d  gave poor  s e n s i t i v i t y  and r e p r o d u c i b i l i t y ,  t h i s  p roduc t  was 
a n a l y z e d  as methy l  g l y c o l a t e  by r e f l u x i n g  t h e  e n t i r e  r e a c t i o n  s o l u t i o n ,  i n c l u d i n g  
t h e  Nafion-H, w i t h  an excess of methanol  b e f o r e  GC a n a l y s i s .  A s e m i - q u a n t i t a t i v e  
e s t i m a t e  o f  t h e  un reac ted  formaldehyde c o u l d  be  made th rough  a n a l y s i s  o f  t h e  
m e t h y l a l  r e s u l t i n g  f rom r e a c t i o n  o f  methanol  w i t h  t h e  formaldehyde. These 
ana lyses  used a 6 '  x 1 /8 "  Carbowax 20 M column, programming f rom 80" t o  225' a t  

A n a l y s i s  o f  Reac t ion  P r o d u c t s :  A n a l y s i s  o f  t h e  p roduc ts  was by gas 
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2"/inin. A b lank run,  s u b s t i t u t i n g  a known amount o f  g l y c o l i c  a c i d  f o r  
formaldehyde, v e r i f i e d  t h e  u t i l i t y  o f  t h i s  a n a l y s i s  f o r  g l y c o l i c  ac id .  
r e a c t i o n  (mole r a t i o s :  g l y c o l i c  a c i d ,  10: wa te r ,  3.5: Nafion-H, 1; 150°, 3h, 
PCO = 2500 psi ') '  r e s u l t e d  i n  a n a l y s i s  f o r  96% o f  t h e  added g l y c o l i c  ac id .  T h i s  
r e s u l t  a l s o  i n d i c a t e s  t h a t  t h e  g l y c o l i c  a c i d ,  once formed, i s  i n e r t  t o  f u r t h e r  
r e a c t i o n  under these c o n d i t i o n s .  
which f u r t h e r  c a r h o n y l a t i o n  t o  mal 

The 

T h i s  i s  i n  c o n t r a s t  t o  a c a t a l y s t  system i n  
a c i d  f o l l o w e d  by d e c a r b o x y l a t i o n  t o  a c e t i c  

a c i d  proved t o  be a ma jo r  problem. Pm 
Prepara t i ons :  

(1) Methyl g l y c o l a t e ,  HOCH2C0 CH3, (MG), was prepared by thermal  reac-  
t i o n  between d e h y d r a 1 f g ) g l y c o l i c  a c i d  an$ excess methanol a t  210" f o r  10 hours i n  
a r o c k i n g  autoclave. The g l y c o l i c  acif lyps dehydrated i n  a r o t a r y  evapora to r  
by r a i s i n g  t h e  tempera tu re  s l o w l y  t o  180". ,,Mej&\ g l y c o l a t e  was d i s t i l l e d  
under vacuum (22 mn, 61") b.p. 150°, lit. 151.1 . 
d r a t e d  g l y c o l i c  a c i d  w i t h  excess a c e t i c  a c i d  lOi a t  200". TP$byroduct was r e -  
c r y s t a l l i z e d  from e t h e r / t o l u e n e .  m . ~ .  63-65"; lit. 66-68O. 

Methyl a c e t y l g l y c o l a t e ,  CH3C02CH C02CH3, (MAG) ,  was prepared by 
r e a c t i o n  o f  methyl g l y c o l a t e  w i t h  a c e t y l  c h l o r i 8 e  i n  methy l  a c e t a t e  so l ven t .  
p roduc t  was d i s t i l l e d  under vacuum; b.p. 82-83O a t  22 mm. 

r e f l u x i n g  commerc ia l ly  o b t a i n e d  me thoxyace t i c  a c i d  w i t h  a 
Naf ion-H and d i s t i l l i n g  t h e  p roduc t ;  b.p. 128", l i t  1 3 1 ~ . 7 ~ ' ~ f  

(2) A c e t y l g l y c o l i c  a c i d ,  CH3C02CH2C0 H, was prepared by h e a t i n g  dehy- 

(3)  
The 

( 4 )  Methyl methoxyacetate,  CH30CH2C02CH3 ? (MMAc), was prepared by 
x ess o f  methanol ove r  
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TABLE 1 

CARBONYLATION OF FORMALOEHYOE TO GLYCOLIC ACID 
OURABlLlTY TEST USING THE SAME NAFION-H CATALYSTa 

U n r e a c t e d  Y i e l d  
Tempera ture  Formaldehyde G l y c o l i c  A c i d  

130 3 h 2600 292 381 
150 3 h 2 7 0 0  5z 63% 
150 5 h 2600  42 681 
150 5 h 2700 6Z 56Z 
150 5 h 2700 41 69% 

'Ho le  r a t i o s :  H ~ O .  IO: C H ~ O .  IO: H'. 1. 
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TABLE I 1  

CARBONYLATION OF FORMALDEHYDE TO GLYCOLIC ACID. 
DEPENDENCE OF YIELD ON CARBON MONOXIDE 

PRESSURE, AND A REACTION IN THE PRESENCE OF  HYDROGEN^ 

Y i e l d  
pco ( p s i g )  G l y c o l i c  A c i d  

1500 
2500 
4600 

48% 
61% 
79% 

Time 

5 h  
5 h  
3 h  

3000b 73% 3 h  

aMole r a t i o s :  H20, 10: CH20, 10: H+, 1; Temperature 150+"C. 

bThe gas used was 4000 p s i  o f  25:75 H2:C0. 

TABLE I 1 1  

CARBONYLATION OF FORMALDEHYDE TO GLYCOLIC A C I D .  
DEPENDENCE OF YIELD ON H,O/H+  RATIO^ 

MOLE RATIOS 

H20 : CH20 : H+ - - - 
1. 20 2 1 

10 2 1 
5 2 1 
2 2 1 

2. 20 10 1 
10 10 1 
0 10 1 

Y i e l d  
G l y c o l i c  A c i d  

36zb 
44% 
57% 
49% 
48% 

61% 
72% 
25% 

- - - -  

aTime, 3h; PCO, 2500 p s i ;  Temperature 15O+Oc 

bIncompl e t e  c o n v e r s i o n  



TABLE I V - I  

EFFECT OF ADDED ACETIC  ACID^ 

Y i e l d  
H+ G l y c o l i c  A c i d  - - H20 : CH20 : - AcOH : - 

-- 10 10 1 
l o  -- 10 1 
10 10 10 1 

7 2% 
40% 
71% 

aTime, 3h; Temperature, 150+"C; Pco, 2500 p s i  

TABLE IV-2 

EFFECT OF ADDED GLYCOLIC ACID 

I n i t i a l  Y i e l d  
Time Pco HOCH2C02H : H20 : CH20 : Ht G l y c o l i c  Ac ida 

2 h 2500 11 4 12 1 40% 
3 h 4000 12 ( -8 Ib 10 1 13% 

-- - - - 

a Y i e l d  = ( t o t a l  y i e l d  - amount added)/moles CH20; Temperature, 15Ot"C 

bThe i n i t i a l  added g l y c o l i c  a c i d  was 66% dehydrated,  

187 



TABLE V - 1  

CARBONYLATION OF FORMALDEHYDE I N  METHYL  ACETATE^ 
CH3C02Me + CH20 f CO + 

CH3C02CH2C02Me (MAG) and MeOCH2C02Me (MMAc) 

Added 
Component 

-_ 
A c e t i c  

Ac id  

Methanol 

Water 

%YIELDS 

Added 
Comp/CH20 MMAc Notes - MAG - - 

-- 6 1  15 b 

1 63 13 

2 18 23 C 

1 3 1  1 8  d 

aTime, 3h; Temperature, 150'; Pco, 2500 p s i ;  Mole r a t i o s :  
H+, 1. 

CH20, 10: 

b A c e t i c  a c i d  found  i n  r e a c t i o n  products .  

'Methylal y i e l d  was 58%. 

dAlso s u b s t a n t i a l  y i e l d s  o f  methy l  g l y c o l a t e  (18%) and methoxyacet ic  
a c i d ,  CH30CH2C02H. Time = 0.5 h. 

TABLE V-2 

CARBONYLATION OF FORMALDEHYDE I N  METHYL FORMATE 

HC02Me f CH20 + CO + 

HC02CH2C02Me (MFG), HOCH2C02Me (MG), and MeOCH2C02Me (MMAc) 

96 YIELDS 

MG MMAc Notes - - M FG 

11 11 3 1  a 
5 17 21 b 

- 

aTemperature, 150°, Pco, 2500 p s i ;  Time 3h. 

bNo CO added, b = f200 p s i ;  Temperature, 150'; Time, 5h. 
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TABLE V I  

CARBONYLATION OF METHYLAL TO 
MeOCH2C02Me (MMAc) , HOCH2C02Me (MG) , and CH3C02CH2C02Me (MAG)a 

Sol ven t  

d ioxane 

% YIELDS 

MAG - MMAc - MG - 
20 17 n o t  a p roduc t  

ne thano l /d ioxane ,  0 0 n o t  a p roduc t  
50:50 

methy l  a c e t a t e  49 t r a c e  39 

aTime, 3h; Temperature 150"; PCo, 2500 p s i ;  Mole r a t i o s :  (Me0)2CH2, 
10: H', 1. 

/ 
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